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A b s t r a c t  
The mechan ics  o f  m a t e r i a l s  a p p r o a c h  ( d e f i n i -  
t i o n  of E ,  G,  V.  and a) and the f i n i t e  e l e m e n t  
method a r e  used t o  e x p l o r e  t h e  e f f e c t s  o f  p a r t i a l  
3 b o n d i n g  and f i b e r  f r a c t u r e  o n  t h e  b e h a v i o r  o f  h i g h  
t e m p e r a t u r e  m e t a l  m a t r i x  c o m p o s i t e s .  Compos i te  
p l y  p r o p e r t i e s  a r e  c a l c u l a t e d  f o r  v a r i o u s  degrees  
of d i s b o n d i n g  t o  e v a l u a t e  t h e  s e n s i t i v i t y  o f  t h e s e  
p r o p e r t i e s  t o  t h e  p r e s e n c e  o f  f i b e r l m a t r i x  d i s b o n d -  
i n g  and f i b e r  f r a c t u r e .  The mechan ics  o f  mate- 
r i a l s  approach a l l o w s  for  t h e  d e t e r m i n a t i o n  of t h e  
b a s i c  p l y  m a t e r i a l  p r o p e r t i e s  'needed f o r  d e s i g n /  
a n a l y s i s  of c o m p o s i t e s .  The f i n i t e  e l e m e n t  method 
p r o v i d e s  t h e  n e c e s s a r y  s t r u c t u r a l  r e s p o n s e  ( f o r c e s  
and d i s p l a c e m e n t s )  fo r  t h e  mechan ics  o f  m a t e r i a l s  
e q u a t i o n s .  R e s u l t s  show t h a t  d i s b o n d i n g  o f  f r a c -  
t u r e d  f i b e r s  a f f e c t  o n l y  E Q l l  and aQ11 
s i g n i f i c a n t l y .  











a r e a  
Y o u n g ' s  Modu lus  
e f f e c t i v e  v a l u e  
force  
f i b e r ,  m a t r i x ,  p l y  
shear  modulus 
p h y s i c a l  d i m e n s i o n  o f  t h e  model 
t e m p e r a t u r e  
d i s p l a c e m e n t  i n  1,  2 ,  3, d i r e c t i o n  
g l o b a l  c o o r d i n a t e  a x i s  s y s t e m  
t h e r m a l  e x p a n s i o n  c o e f f i c i e n t  
s t r a i n  
P o i s s o n ' s  r a t i o  
s t r e s s  
L a m i n a t e  c o o r d i n a t e  a x i s  s y s t e m  
w i t h  f i n i t e  e l e m e n t  a n a l y s i s  t o  d e t e r m i n e  t h e  
b e h a v i o r  o f  epoxy  m a t r i  x c o m p o s i t e s .  T h i s  method 
has been e x t e n d e d  t o  h i g h  t e m p e r a t u r e  m e t a l  m a t r i x  
compos i t e s  . 2  
r e p l a c e  e x p e r i m e n t s ;  b u t ,  t o  p r o v i d e  needed 
i n f o r m a t i o n  n o t  y e t  a v a i l a b l e  t h r o u g h  e x p e r i r e n t s .  
The f i n i t e  e l e m e n t  method p r o v i d e s  a means t c  
c o m p u t a t i o n a l l y  s i m u l a t e  a p h y s i c a l  e x p e r i m e n t  t o  
e s t i m a t e  q u a n t i t i e s  w h i c h  a r e  d i f f i c u l t ,  or  
i m p o s s i b l e .  t o  menasure.  
i n f l u e n c e  o f  d i s b o n d i n g  o f  f r a c t u r e d  f i b e r s  o n  t h e  
p l y  p r o p e r t i e s  o f  m e t a l  m a t r i x  c o m p o s i t e s .  I n  
t h e  s t u d y  t h e  d i s b o n d e d  f i b e r  i s  c o n s i d e r e d  f r a c -  
t u r e d  and t h e r e f o r e  t h e  l o a d  t r a n s f e r  be tween t h e  
f i b e r  and m a t r i x  i s  i n h i b i t e d  b y  t h e  amount o f  
d i s b o n d i n g .  
The f i n i t e  e l e m e n t  method i s  n o t  i n t e n d e d  t o  
The o b j e c t i v e  o f  t h i s  work i s  t o  s t u d y  t h e  
Mode 1 i n g  
The c o m p o s i t e  sys tem c o n s i d e r e d  f o r  t h i s  work 
A n a l y s e s  f o r  h i g h  t e m p e r a t u r e  and room 
i s  P100-Graph i te /Copper  a t  0 . 4 6 6  f i b e r  vo lume 
r a t i o .  
t e m p e r a t u r e  p l y  m a t e r i a l  p r o p e r t i e s  a r e  c o n d u c t e d  
U s i n g  V e r s i o n  65 o f  MSC/NASTRAN. 
A u s e f u l  a n a l y t i c a l  tool i n  t h e  e v a l u a t i o n  of 
s t r u c t u r e s  w i I h  r e p e a t e d  g e o m e t r y  i s  f i n i t e  e l e m e n t  
a n a l y s i s  u s i n g  t h e  s u p e r e l e m e n t  m e t h ~ d . ~  
i n v o l v e s  t h e  p a r t i t i o n i n g  o f  a f i n i t e  e l e m e n t  mesh 
i n t o  s e p a r a t e  c o l l e c t i o n s  of e l e m e n t s  c a l l e d  
s u p e r e l e m e n t s .  Each s u p e r e l e m e n t  i s  s o l v e d  sep- 
a r a t e l y  a n d  t h e n  combined t o  c o m p l e t e  t h e  
a n a l y s i s .  
n a t u r e ,  c o n s i s t i n g  o f  a u n i t  c e l l  ( F i g .  1 )  and 
images o f  t h e  u n i t  c e l l ;  t h e r e f o r e ,  d i s c o n t i n u -  
i t i e s  can e a s i l y  be added b y  s u b s t i t u t i n g  a 
c o n v e n t i o n a l  mesh, w h i c h  mode ls  t h e  d i s c o n t i n u i t y ,  
i n  p l a c e  o f  o n e  o f  t h e  images.  
mesh can a l s o  be  imaged t o  s i m u l a t e  m u l t i p l e  
d i s c o n t i n u i t i e s  w i t h i n  t h e  c o m p o s i t e  m a t e r i a l .  
Some d i s c o n t i n u i t i e s  o f  i n t e r e s t  t h a t  can  be 
mode led  i n  t h i s  manner a r e  p a r t i a l  b o n d i n g  and 
f i b e r  f r a c t u r e ,  b o t h  common i n  m e t a l  m a t r i x  
c o m p o s i t e  m a t e r i a l s .  
of p o s s i b l e  p a r t i a l  b o n d i n g  c o n f i g u r a t i o n s .  
T h i s  
The c o m p o s i t e  s u p e r e l e m e n t  mesh i s  o f  m o d u l a r  
T h i s  c o n v e n t i o n a l  
The c a s e s  chosen a r e  b u t  a f e w  o f  a m u l t i t u d e  
1 
ORlGlMAL PAGE IS 
OF POOR QUALlTY 
However, t h e  cases s e l e c t e d  a r e  s u f f i c i e n t  t o  
u n d e r s t a n d  t h e  e f f e c t s  o f  p a r t i a l  b o n d i n g  o n  t h e  
c o m p o s i t e ' s  m a t e r i a l  p r o p e r t i e s .  
The mesh t h a t  i s  employed i n  t h i s  work con-  
s i s t e d  o f  a c l u s t e r  of n i n e  f i b e r s  i n  a t h r e e  b y  
t h r e e  m a t r i x  ( F i g .  2 ) .  The i n i t i a l  v e r s i o n  o f  
t h e  mesh i s  assembled w i t h  t h e  c e n t e r  f i b e r /  
m a t r i x  b l o c k  modeled as a p r i m a r y  s u p e r e l e m e n t  
and a l l  s u r r o u n d i n g  b l o c k s  a r e  images of t h e  
p r i m a r y .  T h i s  mesh i s  used when n o  f i b e r s  a r e  
d i s b o n d e d  and when a l l  n i n e  f i b e r s  a r e  s i m u l t a -  
n e o u s l y  d i s b o n d e d .  The mesh i s  r e a s s e m b l e d  when 
o n l y  t h e  c e n t e r  f i b e r  of t h e  n i n e  c e l l  model i s  
d i s b o n d e d .  F o r  t h i s  c a s e ,  t h e  c e n t e r  b l o c k  i s  
mode led  u s i n g  c o n v e n t i o n a l  f i n i t e  e l e m e n t s .  The 
p r i m a r y  s u p e r e l e m e n t  i s  d e f i n e d  t o  be t o  one s i d e  
o f  t h e  c e n t e r  f i b e r  and t h e  r e m a i n i n g  p e r i m e t e r  
s u p e r e l e m e n t s  a r e  mode led  as images of t h i s  one.  
M i n o r  m o d i f i c a t i o n s  a r e  made to  each o f  t h e  meshes 
t o  a l l o w  fo r  t h e  m o d e l i n g  o f  v a r i e d  amounts o f  
d i s b o n d  between f i b e r  and m a t r i x .  
The approach used t o  s i m u l a t e  t h e  d i s b o n d  i s  
d e s c r i b e d  b r i e f l y  h e r e .  
d e f i n e d  f o r  a l l  g r i d s  a r o u n d  t h e  c i r c u m f e r e n c e  o f  
t h e  f i b e r ,  a t  t h e  i n t e r f a c e  be tween f i b e r  and 
m a t r i x .  T h i s  d u p l i c a t e  g r i d  p o i n t  i s  i n c l u d e d  i n  
t h e  a n a l y s i s  o n l y  when t h e  p o r t i o n  o f  f i b e r  where 
i t  r e s i d e d  i s  t o  be d i s b o n d e d  from t h e  m a t r i x .  
The d i s b o n d i n g  took p l a c e  when t h e  c o n n e c t i v i t y  
c a r d s  t h a t  d e f i n e  t h e  p e r i m e t e r  of t h e  f i b e r  a r e  
a l t e r e d  so t h a t  one o f  t h e  d u p l i c a t e  g r i d s  i s  
a s s o c i a t e d  w i t h  t h e  f i b e r ,  and one w i t h  t h e  
m a t r i x .  No c o n n e c t i v i t y  t h e n  e x i s t s  a c r o s s  t h e  
i n t e r f a c e  o f  c o n s t i t u e n t s ,  i n  e f f e c t  p r o d u c i n g  a 
c r a c k  o f  z e r o  w i d t h ,  w i t h  f i b e r  o n  one s i d e  and 
m a t r i x  o n  t h e  o t h e r .  I n  t h e  work d e s c r i b e d  h e r e ,  
t h e  t o t a l  c i r c u m f e r e n c e  of a f i b e r  i s  r e l e a s e d  
t o g e t h e r .  The amount of d i s b o n d  i s  v a r i e d  b y  
d i s b o n d i n g  d i f f e r e n t  l e n g t h s  o f  f i b e r  as d e s c r i b e d  
above.  F o r  example,  2 . 7 8  p e r c e n t  d i s b o n d i n g  o f  
t h e  c e n t e r  f i b e r  i s  d e t a i l e d  i n  F i g .  3 w i t h  t h e  
p l a n e  o f  symmetry where t h e  g r i d s  a r e  n o t  d i s -  
bonded.  No a t t e m p t  i s  made t o  f i n d  t h e  l o a d i n g  a t  
w h i c h  t h e  d i s b o n d i n g  or  f i b e r  f r a c t u r e  w i l l  t a k e  
p l a c e  or  t o  p r e v e n t  t h e  o v e r l a p p i n g  o f  t h e  f i b e r  
and t h e  m a t r i x  a f t e r  d i s b o n d i n g  o c c u r r e d .  I n s t e a d ,  
i n t e r e s t  i s  p l a c e d  o n  t h e  e f f e c t  o f  d i s b o n d i n g  o f  
t h e  f r a c t u r e d  f i b e r  o n  t h e  c o m p o s i t e ' s  m a t e r i a l  
p r o p e r t i e s .  
D u p l i c a t e  g r i d  p o i n t s  a r e  
P r o c e d u r e  
The f o l l o w i n g  a r e  t h e  p r o c e d u r e s  used t o  c a l -  
c u l a t e  p l y  m a t e r i a l  p r o p e r t i e s  from t h e  f i n i t e  
e l e m e n t  o u t p u t .  The s u b s c r i p t s  " 1 1 "  a r e  used t o  
d e n o t e  t h e  d i r e c t i o n  a l o n g  t h e  f i b e r  ( l o n g i t u d i n a l )  
and t h e  s u b s c r i p t s  "22"  and "33"  a r e  u s e d  t o  
d e n o t e  t h e  d i r e c t i o n s  t r a n s v e r s e  t o  t h e  f i b e r .  
same l o a d i n g  c o n d i t i o n s .  I n  t h i s  c a s e  t h e  f r o n t  
f a c e  i s  f i x e d  i n  t h e  X(u1 = 0.0) and t h e  b a c k  
f a c e  i s  d i s p l a c e d  i n  t h e  X t u g  = u )  ( F i g .  2 ) .  
i s  c a l c u l a t e d  b y  f i n d i n g  t h e  t o t a l  
f o r c e  o v e r  t h e  d i s p l a c e d  f a c e  and d i v i d i n g  t h i s  
f o r c e  b y  t h e  a r e a  o f  t h i s  f a c e  y i e l d i n g  an  e q u i v -  
a l e n t  a p p l i e d  s t r e s s .  The s t r a i n  i s  t h e n  c a l -  
c u l a t e d  b y  d i v i d i n g  t h e  a p p l i e d  d i s p l a c e m e n t  b y  
t h e  l e n g t h  o f  t h e  spec imen.  Y o u n g ' s  modu lus  i s  
computed from t h e  mechan ics  o f  m a t e r i a l s  e q u a t i o n  
i n  t h e  l o n g i t u d i n a l  1 1  d i r e c t i o n  b y :  
~ ~ 1 3 ,  ~ ~ 1 2 ,  and E Q ] ~  a r e  o b t a i n e d  from t h e  
E e l 1  
2 
INTRODUCTION 
R e c e n t  r e s e a r c h  a t  NASA L e w i s  has l e d  t o  t h e  
deve lopment  o f  a c o m p u t a t i o n a l  method t o  p r e d i c t  
t h e  b e h a v i o r  o f  u n i d i r e c t i o n a l  c o m p o s i t e s .  The 
method u t i l i z e s  a mechan ics  o f  m a t e r i a l s  a p p r o a c h  
( 1 )  
where S I  i s  t h e  l e n g t h  i n  t h e  11 d i r e c t i o n .  
t i o n  i n  t h e  Y d i r e c t i o n  a s  a r e s u l t  o f  t h e  
e n f o r c e d  d i s p l a c e m e n t  i n  t h e  X .  D i v i d i n g  t h i s  
d e f l e c t i o n  b y  t h e  w i d t h  o f  t h e  model y i e l d s  a 
s t r a i n  i n  t h e  t r a n s v e r s e  d i r e c t i o n  ( 2 2 ) .  The 
P o i s s o n ' s  r a t i o  VQ12 i s  c a l c u l a t e d  f r o m :  
i s  found b y  f i n d i n g  t h e  average d e f l e c -  
'Q22 
vQ12 = - 
~ ~ 1 3  i s  f o u n d  by s i m i l a r  methods.  
( 2 )  
To c a l c u l a t e  t h e  P o i s s o n ' s  r a t i o  we23 and 
t h e  t r a n s v e r s e  modulus E ~ 2 2 .  t h e  f a c e  w i t h  t h e  
n e g a t i v e  Y d i r e c t i o n  as i t s  normal  i s  f i x e d  i n  
t h e  Y d i r e c t i o n  (Va = 0 .0)  and t h e  f a c e  w i t h  t h e  
p o s i t i d e  Y d i r e c t i o n  as i t s  normal  has an 
e n f o r c e d  d i s p l a c e m e n t  i n  t h e  p o s i t i v e  Y d i r e c t i o n  
( v  = v )  r e s u l t i n g  i n  t e n s i o n  t r a n s v e r s e  t o  t h e  
f i % e r  d i r e c t i o n  ( F i g .  2 ) .  
s t r e s s  i s  t h e n  c a l c u l a t e d  b y  a v e r a g i n g  t h e  r e s u l t -  
a n t  f o r c e s  o v e r  t h e  f a c e  and d i v i d i n g  b y  t h e  
f a c e ' s  a r e a .  E ~ 2 2  and v ~ 2 3  a r e  c a l c u l a t e d  
s i m i l a r l y  t o  E Q I ~  and VQ12 r e s p e c t i v e l y .  
E t 3 3  and we32 a r e  c a l c u l a t e d  from a n o t h e r  
b n i q u e  s e t  of b o u n d a r y  c o n d i t i o n s  i n  t h e  same way 
Ea22 and v ~ 2 3  a r e  c a l c u l a t e d .  
F o r  t h e  d e t e r m i n a t i o n  o f  G ~ 2 1 ,  an e n f o r c e d  
d i s p l a c e m e n t  i n  t h e  X d i r e c t i o n  i s  p l a c e d  on t h e  
face  w i t h  t h e  p o s i t i v e  Y a x i s  as i t s  n o r m a l .  The 
s h e a r  s t r a i n  i s  t h e n  c a l c u l a t e d  b y  d i v i d i n g  t h i s  
d i s p l a c e m e n t  b y  t h e  w i d t h  o f  t h e  mode l .  
e f f e c t i v e  s h e a r  s t r e s s  i n  t h e  21 d i r e c t i o n  i s  t h e n  
c a l c u l a t e d  b y  d i v i d i n g  t h i s  f o r c e  b y  t h e  a r e a  o v e r  
w h i c h  i t  i s  a p p l i e d .  The shear  s t r a i n  f o r  s m a l l  
d i s p l a c e m e n t s  i s  g i v e n  b y  t h e  e n f o r c e d  d e f l e c t i o n  
d i v i d e d  b y  t h e  w i d t h  o f  t h e  specimen.  G ~ 2 1  i s  
o b t a i n e d  b y  d i v i d i n g  t h e  shear  s t r e s s  i n  t h e  21  
d i r e c t i o n  b y  t h e  s h e a r  s t r a i n .  
e 
OQ2 1 
The e q u i v a l e n t  a p p l i e d  
The 
( 3 )  - -  G!L21 - E Q 2 1  
G ~ 3 1  
G ~ 2 3  
i s  found b y  s i m i l a r  methods from 
c a n  be  o b t a i n e d  b y  a p p l y i n g  an  e n f o r c e d  
a n o t h e r  u n i q u e  s e t  o f  b o u n d a r y  c o n d i t i o n s .  
d i s p l a c e m e n t  i n  t h e  p o s i t i v e  Z d i r e c t i o n  t o  t h e  
s i d e  whose n o r m a l  i s  t h e  p o s i t i v e  Y a x i s .  The 
t o t a l  r e s u l t i n g  f o r c e  o n  t h i s  f a c e  i s  c a l c u l a t e d  
f rom t h e  f i n i t e  e l e m e n t  o u t p u t .  T h i s  t o t a l  s h e a r  
f o r c e  i n  t h e  23  d i r e c t i o n  i s  d i v i d e d  b y  t h e  a r e a  
of t h e  s i d e  o v e r  w h i c h  i t  i s  a p p l i e d .  r e s u l t i n a  
i n  t h e  
The sma 
t h e n  c a  
ment i n  
m o d e l .  
e f f e c t i  
v e r a g e  s h e a r  s t r e s s  i n '  t h e  23 d i r e c t i o i .  
1 d i s p l a c e m e n t  s h e a r  s t r a i n  i n  t h e  23  i s  
c u l a t e d  b y  d i v i d i n g  t h e  a p p l i e d  d i s p l a c e -  
t h e  Z d i r e c t i o n  b y  t h e  w i d t h  of t h e  
G ~ 2 3  i s  c a l c u l a t e d  by d i v i d i n g  t h e  
e s h e a r  s t r e s s ,  uQ23, e b y  cQ23 .  
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I n  o r d e r  t o  c a l c u l a t e  t h e  t h e r m a l  e x p a n s i o n  
c o e f f i c i e n t s  aQl1, ~ ~ 2 2 ,  and a ~ 3 3 ,  a p l a n e  i n  
t h e  c e n t e r  o f  t h e  mode l ,  w i t h  t h e  p o s i t i v e  X 
d i r e c t i o n  a c t i n g  as i t s  n o r m a l ,  i s  r e s t r i c t e d  
from movement i n  t h e  X d i r e c t i o n  ( u 5  = 0 .0) .  
T h i s  r e s t r i c t i o n  a s s u r e s  symmetry a b o u t  t h e  
c e n t e r  o f  t h e  model .  A t h e r m a l  l o a d  i s  t h e n  
a p p l i e d  t o  t h e  model ,  T = To. 
m i n i n g  t h e  average o f  t h e  d i s p l a c e m e n t s  on t h e  
end w i t h  t h e  p o s i t i v e  X a x i s  as i t s  no rma l  and 
d i v i d i n g  by  t h e  l e n g t h  o f  t h e  model ,  s i ,  
r e s u l t i n g  i n  t h e  s t r a i n  i n  t h e  1 1  due t o  t h e  
chanqe i n  t e m p e r a t u r e .  Now, by  d i v i d i n g  t h e  
s t r a i n  by  t h e  change i n  t e m p e r a t u r e ,  one can 
o b t a i n  t h e  the rma l  e x p a n s i o n  c o e f f i c i e n t  i n  t h e  
11 d i r e c t i o n .  
The f irst s t e p  i n  f i n d i n g  aQ11 i s  d e t e r -  
( 4 )  
a ~ 2 2  i s  f o u n d  by  t a k i n g  t h e  ave rage  d i s -  
p lacemen t  i n  t h e  Y d i r e c t i o n  and d i v i d i n g  by t h e  
change i n  t e m p e r a t u r e  and t h e  w i d t h .  
The c a l c u l a t i o n  o f  UQ33 i s  s i m i l a r  t o  t h a t  
o f  aQ22, w i t h  t h e  e x c e p t i o n  b e i n g  t h a t  t h e  a v e r -  
age d i s p l a c e m e n t  i n  t h e  Z t s  d i v i d e d  b y  t h e  
change i n  t e m p e r a t u r e  and b y  t h e  h e i g h t  o f  t h e  
mode l .  
A s e t  o f  r e f e r e n c e  f i n i t e  e l e m e n t  r u n s  f o r  
P lOO/copper  a r e  e x e c u t e d  w i t h  a 0 . 4 6 6  f l b e r  volume 
r a t i o .  These r u n s  c o n t a i n e d  n o  d i s b o n d i n g  o r  
f i b e r  f r a c t u r e .  Compos i te  p l y  m a t e r i a l  p r o p e r t i e s  
a r e  c a l c u l a t e d  f rom t h e  o u t p u t  o f  t h e s e  f i n i t e  
e l e m e n t  r u n s  ( T a b l e  I). A d d i t i o n a l  c o n f i d e n c e  was 
g a i n e d  b y  compar ing  t h e  p l y  p r o p e r t i e s  i n  Tab le  I 
w i t h  t h o s e  p r e d i c t e d  by  Caruso  and Chamis2 and by 
Hopk ins  and Chamis4 w i t h  v e r y  good c o r r e l a t i o n .  
f i b e r  i n  t h e  c e n t e r  o f  t h e  n i n e  c e l l  model i s  now 
c o n s i d e r e d  ( F i g  3 ) .  Room t e m p e r a t u r e  (70 OF) 
m a t e r i a l  p r o p e r t i e s  a r e  used  ( T a b l e  11). I n  a l l  
l o a d i n g  c o n d i t i o n s ,  f i b e r s  t h a t  a r e  t o  be d i s -  
bonded a r e  a l s o  c o n s i d e r e d  f r a c t u r e d  and;  t h e r e -  
f o r e ,  d i d  no t  have an a p p l i e d  d l s p l a c e m e n t  
a s s i g n e d  t o  them. T h i s  modeled t h e  f i b e r  f r a c t u r e  
i n  advance o f  d i s b o n d i n g .  
o f  r u n s ,  each e lemen t  a round  t h e  c i r c u m f e r e n c e  of 
t h e  f i b e r  i s  a l l o w e d  t o  d i s b o n d  u s i n g  t h e  methods 
d e s c r i b e d  e a r l i e r .  The d i s b o n d i n g  o f  a f r a c t u r e d  
f i b e r  i s  done f o r  each s u c c e s s i v e  l a y e r  o f  e l e -  
ments a l o n g  t h e  l e n g t h  o f  t h e  f i b e r .  A f t e r  t h e  
mesh i s  changed t o  r e f l e c t  t h e  n e x t  l a y e r  of d i s -  
b o n d i n g ,  t h e  l o a d i n g  c o n d i t i o n s  a r e  a p p l i e d  and 
p l y  m a t e r i a l  p r o p e r t i e s  c a l c u l a t e d .  R e s u l t s  a r e  
p l o t t e d  f o r  each o f  t h e  p l y  m a t e r i a l  p r o p e r t i e s  
v e r s e s  p e r c e n t  d i s b o n d  o f  t h e  t o t a l  mesh ( F i g s .  4 
t o  7 ) .  These p l o t s  show t h e  p r o p e r t i e s  a f f e c t e d  
most  by  d i s b o n d i n g  and t o  what degree  t h e y  are 
a f f e c t e d .  Some o f  t h e s e  p r o p e r t i e s  can  be used  
as i n d i c a t o r s  o f  p a r t i a l  b o n d i n g  o f  a f r a c t u r e d  
f i b e r  i n  cases where mater ia l  p r o p e r t i e s  a r e  n o t  
n e a r  p r e d i c t e d  v a l u e s .  When s u s p e c t i n g  t h e  
p r e s e n c e  o f  p a r t i a l  b o n d i n g ,  c l o s e r  a t t e n t i o n  
s h o u l d  be p a i d  t o  t h o s e  p r o p e r t i e s  f o u n d  t o  be 
more s e n s i t i v e  t o  t h e  p resence  o f  t h e  f i b e r  
d i s b o n d i n g .  
D i s b o n d i n g  and f i b e r  f r a c t u r e  o f  a s i n g l e  
I n  t h i s  f i rst s e r i e s  
The n e x t  s e r i e s  of r u n s  a r e  e x e c u t e d  w i t h  
h i g h  t e m p e r a t u r e  c o n s t i t u e n t  m a t e r i a l  p r o p e r t i e s  
( T a b l e  11). The t e m p e r a t u r e  s e l e c t e d  i s  1500 " F .  
The r e s u l t s  o f  t h e  m a t e r i a l  p r o p e r t y  c a l c u l a t i o n s  
a r e  shown i n  F i g s .  8 t o  1 1 .  Note t h a t  t h e s e  p l o t s  
r e f l e c t  a l i t t l e  o v e r  1 1  p e r c e n t  d i s b o n d i n g  o f  t h e  
e n t i r e  c o m p o s i t e .  T h i s  i s  a r e s u l t  o f  r e l e a s i n g  
o n l y  t h e  c e n t e r  f i b e r  f o r  t h e s e  cases c o n s i d e r e d  
h e r e .  The 1 1  p e r c e n t  d i s b o n d i n g  v a l u e  shown on  
these  p l o t s  r e p r e s e n t s  t h e  p o i n t  a t  wh ich  t h e  
c e n t e r  f i b e r  i s  t o t a l l y  d i s b o n d e d  and t h e  s u r r o u n d -  
i n g  e i g h t  f i b e r s  a r e  f u l l y  bonded to  t h e  m a t r i x .  
When t h e  f r a c t u r e d  c e n t e r  f i b e r  i s  c o n s i d e r e d  
c o m p l e t e l y  d i s b o n d e d  i t  i s  s t i l l  connec ted  t o  t h e  
m a t r i x  m a t e r i a l  by a r i n g  o f  nodes i n  t h e  p l a n e  
o f  symmetry ( F i g  3 ) .  T h i s  can add some s t i f f n e s s  
t r a n s v e r s e l y  and i n  s h e a r .  
when a l l  n i n e  f i b e r s  i n  t h e  model a r e  d i sbonded  
and t h e  room t e m p e r a t u r e  boundary  c o n d i t i o n s  a r e  
imposed. I n  t h i s  case t h e  p e r c e n t  d i s b o n d i n g  can 
go up t o  100 p e r c e n t  o f  t h e  t o t a l  f i b e r  l e n g t h .  
Once a g a i n ,  t h e  c o n n e c t i v i t y  o f  a r i n g  o f  nodes i n  
t h e  p l a n e  o f  symmetry a round  each f i b e r  i s  main-  
t a i n e d  a t  100 p e r c e n t  d i s b o n d i n g .  M a t e r i a l  p r o -  
p e r t i e s  a r e  c a l c u l a t e d  by  a p p l y i n g  each o f  t h e  
l o a d i n g  c o n d i t i o n s  d e s c r i b e d  e a r l i e r .  These 
r e s u l t s  a r e  p l o t t e d  showing t h e  e f f e c t  of f i b e r  
d i s b o n d i n g  on  each p r o p e r t y  when a l l  f i b e r s  a r e  
e q u a l l y  d i s b o n d e d  ( F i g s .  12 t o  1 5 ) .  
The n e x t  s e r i e s  o f  r u n s  i s  r e p e a t e d  f o r  h i g h  
t e m p e r a t u r e  c o n d i t i o n s .  A l l  n i n e  f i b e r s  a r e  
r e l e a s e d  as d e s c r i b e d  above u s i n g  m a t e r i a l  p r o p e r -  
t i e s  t h a t  r e f l e c t e d  a use t e m p e r a t u r e  o f  1500 OF. 
M a t e r i a l  p r o p e r t i e s  a r e  c a l c u l a t e d  and p l o t t e d  f o r  
v a r y i n g  degrees  o f  f i b e r  d i s b o n d i n g  r a n g i n g  f r o m  
0 t o  100 p e r c e n t  d i s b o n d i n g  ( F i g s .  1 6  t o  1 9 ) .  
The n e x t  s e r i e s  o f  c o n d i t i o n s  c o n s i d e r e d  a r e  
R e s u l t s  and D i s c u s s i o n  
The d e g r a d a t i o n  i n  t h e  p l y  m a t e r i a l  p r o p e r -  
t i e s  c o u l d  be i n f l u e n c e d  b y  t h e  d i f f e r e n c e  i n  t h e  
c o r r e s p o n d i n g  f i b e r  and m a t r i x  m a t e r i a l  p r o p e r -  
t i e s .  A s  t h e  f i b e r s  become s t r u c t u r a l l y  i n a c t i v e ,  
t h e  m a t r i x  m a t e r i a l  p r o p e r t i e s  have a more s i g n i -  
f i c a n t  r o l e  i n  d e t e r m i n i n g  t h e  c o m p o s i t e ' s  g l o b a l  
p r o p e r t i e s .  I d e a l l y .  t h e  c o m p o s i t e ' s  m a t e r i a l  
p r o p e r t i e s  a r e  bounded by t h e  h i g h e s t  and l o w e s t  
v a l u e s  o f  i t s  c o n s t i t u e n t s ;  however ,  i t  w i l l  be 
seen t h a t  a c o m p o s i t e  p l y  m a t e r i a l  p r o p e r t y  can  
be l o w e r  t h a n  t h e  l o w e s t  c o n s t i t u e n t  p r o p e r t y .  
Room Tempera tu re  P l y  P r o p e r t i e s  w i t h  C e n t e r  F i b e r  
D i s b o n d i n q  
F i g u r e  4 shows t h e  d e g r a d a t i o n  o f  t h e  modulus 
i n  t h e  1 1 ,  22 and 33 d i r e c t i o n s  due t o  d i s b o n d i n g  
o f  t h e  c e n t e r  f i b e r  o n l y .  These r e s u l t s  r e v e a l  
t h a t  t h e  l o n g i t u d i n a l  modulus has dec reased  b y  
a b o u t  8 p e r c e n t  w h i l e  d i s b o n d i n g  i s  a t  1 1 . 1  p e r c e n t  
o f  t h e  t o t a l  c i r c u m f e r e n t i a l  f i b e r  a r e a  o f  t h e  
mode l .  
The p e r c e n t  dec rease  i n  Ea22 and EQ33 
for 11 .1  p e r c e n t  t o t a l  f i b e r  a r e a  d i s b o n d i n g  i s  
1 . 5  p e r c e n t .  From t h e s e  r e s u l t s  i t  can be con- 
c l u d e d  t h a t  E a 1 1  i s  more s e n s i t i v e  t o  f i b e r  d i s -  
b o n d i n g  t h a n  t h e  t r a n s v e r s e  m o d u l i .  The d e c r e a s e  
i n  Ee l !  i s  due mostly t o  g e o m e t r i c  e f f e c t .  The 
g e o m e t r i c  e f f e c t  i s  t h e  h o l e s  l e f t  b e h i n d  by  t h e  
3 
d i s b o n d e d  f i b e r  much l i k e  a sponge.  From f u r t h e r  
r e s u l t s  i t  w i l l  become e v i d e n t  t h a t  E a 1 1  i s  t h e  
second most  s e n s i t i v e  p r o p e r t y  t o  f i b e r  
d i s b o n d i n g .  
The e f f e c t  of f i b e r  d i s b o n d i n g  o n  P o i s s o n ' s  
r a t i o  for c e n t e r  f i b e r  d i s b o n d i n g  i s  d e p i c t e d  i n  
F i g .  5 .  When t h e  c e n t e r  f i b e r  i s  c o m p l e t e l y  
d i s b o n d e d  ( 1 1 . 1  p e r c e n t  t o t a l  f i b e r  l e n g t h  d i s -  
b o n d i n g ) ,  VQ12 and v e l 3  have d e g r a d e d  b y  
0.5 p e r c e n t .  A d e c r e a s e  o f  1 . 6  p e r c e n t  i n  v ~ 2 3  
and v232 i s  w i t n e s s e d  when t o t a l  c e n t e r  f i b e r  
d i s b o n d i n g  i s  a c h i e v e d .  T h i s  d e g r a d a t i o n  o f  
P o i s s o n ' s  r a t i o  i s  v e r y  s m a l l  and can be  con- 
s i d e r e d  i n s i g n i f i c a n t .  
The d e c r e a s e  i n  s h e a r  modulus due t o  c e n t e r  
f i b e r  d i s b o n d i n g  i s  shown i n  F i g .  6 .  The p e r c e n t  
change i n  G ~ 1 2  i s  3 p e r c e n t  and G ~ 2 3  i s  
2 p e r c e n t  when t h e  c e n t e r  f i b e r  i s  c o m p l e t e l y  
d i s b o n d e d .  T h i s  shows t h a t  G ~ 1 2 ,  G213 as w e l l  
as G ~ 2 3  a r e  r e l a t i v e l y  i n s e n s i t i v e  t o  t h e  d i s -  
b o n d i n g  o f  t h e  c e n t e r  f r a c t u r e d  f i b e r .  
The t h e r m a l  e x p a n s i o n  c o e f f i c i e n t s  a r e  con- 
s i d e r e d  i n  F i g .  7 .  The l i n e s  r e p r e s e n t i n g  t h e  
t r a n s v e r s e  t h e r m a l  e x p a n s i o n  c o e f f i c i e n t s  a r e  
c o i n c i d e n t ,  as t o  be e x p e c t e d .  The d i s b o n d i n g  
c o n d i t i o n s  c o n s i d e r e d  h e r e  p r o d u c e d  a d e c r e a s e  i n  
t h e  t r a n s v e r s e  t h e r m a l  e x p a n s i o n  c o e f f i c i e n t s  b y  
0 . 3  p e r c e n t .  T h i s  d e c r e a s e  i s  m i n i m a l  and may be  
c o n s i d e r e d  t o  be i n s i g n i f i c a n t .  
The l i n e  d e s c r i b i n g  t h e  change i n  t h e  l o n g i -  
t u d i n a l  t h e r m a l  e x p a n s i o n  c o e f f i c i e n t  i s  a l s o  
d i s p l a y e d  i n  F i g .  7 .  ~ ~ 1 1  i n c r e a s e d  b y  20  p e r -  
c e n t  when t h e  c e n t e r  f i b e r  i s  t o t a l l y  d i s b o n d e d .  
Of a l l  t h e  m a t e r i a l  p r o p e r t i e s  c o n s i d e r e d ,  aQ11 
i s  t h e  most  s e n s i t i v e  t o  c e n t e r  f i b e r  d i s b o n d i n g  
and i s  v e r y  s i g n i f i c a n t .  
H i q h  Tempera ture  (1500 O F )  P l y  P r o p e r t i e s  w i t h  
C e n t e r  F i b e r  D i s b o n d i n q  
F i g u r e  8 shows t h e  d e g r a d a t i o n  o f  l o n g i t u -  
d i n a l  and t r a n s v e r s e  m o d u l i .  S i n c e  11.1 p e r c e n t  
of t h e  e f f e c t  o f  t h e  f i b e r  has been removed due 
t o  t h e  t o t a l  d i s b o n d i n g  o f  t h e  c e n t e r  f i b e r ,  a 
d e c r e a s e  of o n l y  a 7 . 3  p e r c e n t  i s  w i t n e s s e d  i n  
E Q I ~ .  T h i s  d e c r e a s e  i s  of t h e  same m a g n i t u d e  as 
t h a t  o b s e r v e d  for  t h e  room t e m p e r a t u r e  E Q I ~ .  
The c o n c l u s i o n  i s  t h a t ,  t h e  change i n  E Q ! ~  
b r o u g h t  a b o u t  b y  c e n t e r  f i b e r  d i s b o n d i n g  i s  
s i g n i f i c a n t .  
2 p e r c e n t  when t h e  c e n t e r  f i b e r  i s  d i s b o n d e d  
( F i g .  8). T h i s  d e c r e a s e  i s  due t o  t h e  r e d u c e d  
e f f e c t i v e  c r o s s - s e c t i o n a l  a r e a ,  and t h e  subsequent  
r e d u c e d  t r a n s v e r s e  s t i f f n e s s  o f  t h e  c o m p o s i t e ,  as 
r e s u l t i n g  from t h e  d i s b o n d i n g  o f  t h e  c e n t e r  f i b e r .  
T h i s  h o l e  removes some o f  t h e  s t i f f n e s s  f r o m  t h e  
model r e s u l t i n g  i n  a l o w e r  t r a n s v e r s e  modu lus .  
N o t e  t h a t  t h i s  d e c r e a s e  i s  a l m o s t  t h e  same as t h e  
room t e m p e r a t u r e  d e c r e a s e  i n  E ~ 2 2  and E ~ 3 3 .  
I n  F i g .  9 t h e  P o i s s o n ' s  r a t i o s  o f  t h e  com- 
p o s i t e  a r e  p l o t t e d .  VQ12 and v ~ 2 3  d e c r e a s e  b y  
a p p r o x i m a t e l y  1 . 5  p e r c e n t  when t h e  c e n t e r  f i b e r  
i s  d i s b o n d e d  f u l l y .  When compared t o  t h e  room 
t e m p e r a t u r e  r e s u l t s ,  i t  i s  e v i d e n t  t h a t  t h e r e  i s  
a s m a l l  i n c r e a s e  i n  t h e  change o f  VQ12, and t h e  
change i n  v ~ 2 3  i s  a b o u t  t h e  same. From t h e s e  
Due t o  g e o m e t r i c  e f f e c t s ,  E ~ 2 2  d e c r e a s e s  b y  
4 
r e s u l t s  i t  may be  c o n c l u d e d  t h a t  t e m p e r a t u r e  has 
l i t t l e  e f f e c t  on t h e  r a t e  o f  d e a r a d a t i o n  o f  
P o i s s o n ' s  r a t i o s .  VQ12, ~ ~ 1 3 .  u t 2 3 and we32 
may a l l  be  c o n s i d e r e d  t o  be r e l a t i v e l y  i n s e n -  
s i t i v e  t o  c e n t e r  f i b e r  d i s b o n d i n g .  
G Q ] ~  degrades  by a l m o s t  5 p e r c e n t  w i t h  t h e  
d i s b o n d i n g  o f  t h e  c e n t e r  f i b e r  ( F i g .  10). The 
change i n  G ~ 1 2  a t  room t e m p e r a t u r e  i s  3 p e r c e n t  
and a t  h i g h  t e m p e r a t u r e  i t  i s  5 p e r c e n t  when t h e  
c e n t e r  f i b e r  i s  d i s b o n d e d .  G ~ 2 3 ,  a t  h i g h  temper- 
a t u r e ,  has d e g r a d e d  b y  a l m o s t  3 p e r c e n t  when t h e  
c e n t e r  f i b e r  has t o t a l l y  d i s b o n d e d .  G ~ 1 2  and 
G ~ 2 3  can a l l  be  s a i d  t o  be r e l a t i v e l y  i n s e n s i t i v e  
t o  c e n t e r  f i b e r  d i s b o n d i n g .  
F i g u r e  11 c o n t a i n s  t h e  p l o t s  t h a t  r e p r e s e n t  
t h e  changes i n  t h e r m a l  e x p a n s i o n  c o e f f i c i e n t s  a t  
h i g h  t e m p e r a t u r e  as t h e  c e n t e r  f i b e r  i s  d i s b o n d e d .  
4222 i n c r e a s e d  b y  l e s s  t h a n  1 p e r c e n t ,  an i n s i g n i -  
f i c a n t  amount .  
I n  f i g u r e  11,  aQ11 shows an i n c r e a s e  o f  
17.3 p e r c e n t  when t h e  c e n t e r  f i b e r  i s  c o m p l e t e l y  
d i s b o n d e d  w h i c h  r e p r e s e n t s  a d e c r e a s e  i n  e f f e c t i v e  
f i b e r  a r e a  o f  1 1 . 1  p e r c e n t .  T h i s  change i n  
a211 i s  s i g n i f i c a n t  and c l o s e  t o  t h e  p e r c e n t  
change i n  aQ11 a t  room t e m p e r a t u r e .  
Room Tempera ture  P ly  P r o o e r t i e s  \ w i t h  A l l  F i b e r s  
D i  sbond i  n q  
The e f f e c t  o n  t h e  p l y  m o d u l i  o f  a l l  t h e  
f i b e r s  d i s b o n d i n g  i s  p l o t t e d  i n  F i g .  12 .  The 
d e g r a d a t i o n  o f  E ~ l l  i s  now o b v i o u s l y  n o n l i n e a r .  
E ~ l l ,  w i t h  100 p e r c e n t  f i b e r  d i s b o n d i n g ,  has 
d e c r e a s e d  b y  78 .2  p e r c e n t  and i s  l o w e r  t h a n  Em. 
The c y l i n d r i c a l  h o l e s  l e f t  b y  t h e  d i s b o n d e d  f i b e r s  
d e c r e a s e  t h e  s t i f f n e s s  o f  t h e  c o m p o s i t e ,  much l i k e  
a sponge. The c o m p o s i t e  can a c t u a l l y  have a l o w e r  
modu lus  t h a n  t h a t  o f  t h e  m a t r i x  a l o n e .  
E ~ 2 2  d e c r e a s e d  b y  o n l y  15  p e r c e n t  w i t h  
100 p e r c e n t  f i b e r  d i s b o n d i n g  ( F i g .  12 ) .  The 
d e c r e a s e  i n  E ~ 2 2  i s  due t o  t h e  sponge e f f e c t .  
I n  F i g .  1 3  VQ12 i n c r e a s e s  u n t i l  a b o u t  
2 5  p e r c e n t  d i s b o n d i n g ,  t h e n  VQ12 d e c r e a s e s  g r a d -  
u a l l y  t o  100 p e r c e n t  d i s b o n d i n g .  T h i s  phenomenon 
w i l l  have  t o  be  examined i n  f u t u r e  work. 
One h u n d r e d  p e r c e n t  d i s b o n d i n g  b r o u g h t  a b o u t  
a d e c r e a s e  i n  ~ ~ 2 3  o f  2 6 . 7  p e r c e n t  as shown i n  
F i g .  13.  The v a l u e  a t  100 p e r c e n t  d i s b o n d i n g  i s  
l e s s  t h a n  t h a t  o f  t h e  m a t r i x  a l o n e .  T h i s  may be  
due to t h e  spongy e f f e c t  o f  t h e  d i s b o n d e d  com- 
p o s i t e ,  where  a s i g n i f i c a n t  p e r c e n t a g e  o f  t h e  
t r a n s v e r s e  d i s p l a c e m e n t s  t a k e  p l a c e  i n  t h e  c y l i n -  
d e r s  l e f t  b y  t h e  d i s b o n d e d  f i b e r s ,  r e s u l t i n g  i n  
l e s s  t r a n s v e r s e  s t r a i n .  
F i g u r e  1 4  r e p r e s e n t s  t h e  r e s u l t s  o f  d i s b o n d -  
i n g  o n  t h e  s h e a r  moduli a t  room t e m p e r a t u r e .  B o t h  
G ~ 1 2  and G ~ 2 3  show an  a p p r o x i m a t e  d e g r a d a t i o n  o f  
2 5  p e r c e n t  when t h e  f i b e r s  a r e  c o m p l e t e l y  d i s b o n d e d .  
A s  b e f o r e ,  a t  100 p e r c e n t  d i s b o n d i n g ,  t h e s e  p l y  
p r o p e r t i e s  a r e  l o w e r  i n  v a l u e  t h a n  t h a t  o f  t h e  
m a t r i x  m a t e r i a l  a l o n e ,  p r e s u m a b l y  due t o  t h e  
sponge e f f e c t  d i s c u s s e d  e a r l i e r .  
F i g u r e  15 shows t h e  change i n  t h e  c o m p o s i t e ' s  
t h e r m a l  e x p a n s i o n  c o e f f i c i e n t s  when d i s b o n d i n g  i s  
t a k e n  from 0 to  100 p e r c e n t  a t  room t e m p e r a t u r e .  
aQ11 i n c r e a s e s  d r a s t i c a l l y  a s  t h e  d i s b o n d i n g  
ORIGINAL PAGE IS 
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i n c r e a s e s .  A t  100 p e r c e n t  d i s b o n d i n g ,  aQ11 has 
i n c r e a s e d  b y  557 p e r c e n t .  The v a l u e  of at11 a t  
100 p e r c e n t  d i s b o n d i n g  i s  V i r t u a l l y  i d e n t i c a l  t o  
t h a t  o f  t h e  m a t r i x  a l o n e .  
C o n c l u s i o n s  
From t h e  
seen t h a t ,  i n  
r e s u l t s  o f  t h i s  a n a l y s i s  i t  can be 
g e n e r a l ,  s i n g l e  f i b e r  f r a c t u r e  and 
The d e g r a d a t i o n  o f  a ~ 2 2  i s  a l s o  d e p i c t e d  
i n  F i g .  15.  aQ22 degrades  b y  o n l y  14 p e r c e n t  
when a l l  f i b e r s  a r e  c o m p l e t e l y  d i sbonded .  The 
s i g n i f i c a n c e  i n  t h e s e  r e s u l t s  i s  t h a t  t h e  f i n a l  
v a l u e  f o r  a ~ 2 2  and a ~ 3 3  i s  v i r t u a l l y  equa l  t o  
am. T h i s  wou ld  t e n d  t o  i m p l y  t h a t  t h e  sponge 
e f f e c t  d i s c u s s e d  e a r l i e r  has l i t t l e  e f f e c t  on 
t h e r m a l  e x p a n s i o n .  
I t  i s  s i g n i f i c a n t  t o  n o t e  t h a t  aQ11, aQ22 ,  
and a ~ 3 3  a l l  app roach  a, when t h e  compos i te  
i s  a p p r o a c h i n g  a q u a s i - m o n o l i t h i c  s t a t e .  
H i q h  Tempera tu re  (1500  "F) P l y  P r o p e r t y  W i t h  A l l  
F i b e r s  D i s b o n d i n q  
C o n s i d e r  now h i g h  t e m p e r a t u r e  (1500  "F) con- 
d i t i o n s  w h i l e  d i s b o n d i n g  n i n e  f i b e r s .  E g l j  i s  
n o n l i n e a r  and degrades  r a p i d l y  d u r i n g  i n i t i a l  d i s -  
b o n d i n g  b u t  t ends  t o  s t a b i l i z e  as d i s b o n d i n g  
approaches  100 p e r c e n t  ( F i g  1 6 ) .  T h i s  c u r v e  i s  
s i m i l a r  i n  shape t o  t h a t  o f  room t e m p e r a t u r e  E a 1 1  
e x c e p t  i t  i s  s h i f t e d  down t h e  o r d i n a t e .  The t o t a l  
d e c r e a s e  i n  E Q I ~  i s  8 5 . 6  p e r c e n t  and i t s  v a l u e  
a t  100 p e r c e n t  d i s b o n d i n g  i s  lower t h a n  t h a t  o f  
t h e  m a t r i x  a l o n e .  A g a i n ,  t h i s  i s  p r o b a b l y  due t o  
t h e  sponge e f f e c t .  The t r a n s v e r s e  modulus E ~ 2 2  
degrades  b y  20 .6  p e r c e n t  a t  100 p e r c e n t  f i b e r  
d i s b o n d  ( F i g  1 6 ) .  
F i g u r e  17 shows t h e  e f f e c t  o f  f i b e r  d i sbond-  
i n g  o n  t h e  P o i s o n ' s  r a t i o s  a t  h i g h  t e m p e r a t u r e  f o r  
a l l  f i b e r s  d i s b o n d i n g .  As w i t h  t h e  room temper-  
a t u r e  r e s u l t s ,  VQ12 i n c r e a s e s  i n i t i a l l y  and t h e n  
b e g i n s  t o  dec rease  a t  a b o u t  25 p e r c e n t  d i s b o n d i n g .  
The t o t a l  dec rease  i n  VQ12, f r o m  0 p e r c e n t  d i s -  
b o n d i n g  t o  100 p e r c e n t  d i s b o n d i n g ,  i s  9.1 p e r c e n t .  
v ~ 2 3  dec reases  l i n e a r l y  w i t h  f i b e r  d i s b o n d i n g  as 
seen i n  F i g .  17.  These m a t e r i a l  p r o p e r t i e s  
dec reased  by 29.6 p e r c e n t  when 100 p e r c e n t  d i s -  
b o n d i n g  i s  r e a c h e d .  
w i t h  f i b e r  d i s b o n d i n g .  G ~ 1 2  dec reased  by  
35 .7  p e r c e n t  when t h e  c o m p o s i t e  i s  a t  100 p e r c e n t  
d i s b o n d i n g .  T h i s  i s  t h e  same t r e n d  seen a t  room 
t e m p e r a t u r e .  The d e g r a d a t l o n  of G ~ 2 3 .  as seen 
i n  F i g .  18,  i s  s l i g h t l y  n o n l i n e a r  b o t h  a t  h i g h  
t e m p e r a t u r e  and a t  room t e m p e r a t u r e  ( F i g .  1 4 ) .  
G ~ 2 3  shows a s l i g h t  i n c r e a s e  i n  s l o p e  a f t e r  a b o u t  
25 p e r c e n t  d i s b o n d i n g .  The t o t a l  dec rease  i n  
G ~ 2 3  i s  34.2 p e r c e n t  a t  100 p e r c e n t  d i s b o n d .  
t h e r m a l  e x p a n s i o n  c o e f f i c i e n t s  t h r o u g h  t h e  range  
o f  0 t o  100 p e r c e n t  d i s b o n d i n g  a t  1500 "F. 
p e r c e n t  d i s b o n d  i n c r e a s e d ,  a s i g n i f i c a n t  i n c r e a s e  
i n  aQ11 i s  e v i d e n t .  A t  100 p e r c e n t  d i s b o n d i n g ,  
aQ11 has i n c r e a s e d  by  799 p e r c e n t  and i s  v i r t u a l l y  
t h e  same as a ~ 2 2  and aaq3 a t  100 p e r c e n t  d i s -  
b o n d i n g .  The d e g r a d a t i o n  n 4 ~ 2 2  appears  t o  be 
m i n i m a l .  The t h r e e  t h e r m a l  e x p a n s i o n  c o e f f i c i e n t s  
app roach  t h e  v a l u e  o f  t h e  m a t r i x  e x p a n s i o n  c o e f -  
f i c i e n t  a t  100 p e r c e n t  f i b e r  d i s b o n d i n g .  
F i g u r e  18 shows a l i n e a r  dec rease  i n  
F i g u r e  19 d e p i c t s  t h e  change i n  t h e  c o m p o s i t e ' s  
A s  t h e  
d i s b o n d i n g  have l i t t l e  e f f e c t  o n  most  o f  t h e  
m a t e r i a l  p r o p e r t i e s .  O f  t h e  m a t e r i a l  p r o p e r t i e s  
c o n s i d e r e d ,  t h e  l o n g i t u d i n a l  t h e r m a l  e x p a n s i o n  
c o e f f i c i e n t  at11 and t h e  l o n g i t u d i n a l  modulus 
E ~ 1 1  appear  t o  be more s e n s i t i v e  t o  f i b e r  d i s -  
b o n d i n g .  T h i s  s e n s i t i v i t y  o f  at11 makes i t  a 
gocd i n d i c a t o r  o f  t h e  l e v e l  o f  d i s b o n d i n g  i n  a 
compos i te .  I f  aQ11 i s  above p r e d i c t e d  v a l u e s ,  
t h e n  t h e  s u s p i c i o n  o f  t h e  p resence  o f  d i s b o n d i n g  
o f  f r a c t u r a l  f i b e r s  may be j u s t i f i e d .  The degree  
o f  d i s b o n d i n g  may be a p p r o x i m a t e d  by  compar ing  
w i t h  t h e  r e s u l t s  shown h e r e .  
H i g h  t e m p e r a t u r e  r e s u l t s  i n d i c a t e  a s h i f t  i n  
t h e  v a l u e  o f  t h e  m a t e r i a l  p r o p e r t i e s  w h i l e  main-  
t a i n i n g  t h e  same r a t e  o f  d e g r a d a t i o n  as i n  t h e  
room t e m p e r a t u r e  r e s u l t s .  
bonded, more s i g n i f i c a n t  changes i n  t h e  m a t e r i a l ' s  
p l y  p r o p e r t i e s  a r e  o b s e r v e d .  The l o n g i t u d i n a l  
modulus,  E t 1 1 ,  and VQ12 b o t h  show n o n l i n e a r  
d e g r a d a t i o n  a t  t h e s e  h i g h e r  l e v e l s  o f  f i b e r  d i s -  
b o n d i n g .  A g a i n  t h e  s e n s i t i v i t y  o f  aQ11 t o  t h e  
d i s b o n d i n g  o f  f r a c t u r e  o f  a l l  f i b e r s  r e i n f o r c e s  
t h e  i d e a  t h a t  i t  i s  a good i n d i c a t o r  o f  t h e  degree  
o f  d i s b o n d i n g  and f i b e r  f r a c t u r e  i n  a c o m p o s i t e .  
of p a r t i a l  b o n d i n g  on  f r a c t u r e d  f i b e r s ,  c o m p o s i t e  
m a t e r i a l  p r o p e r t i e s  a r e  n o t  s i g n i f i c a n t l y  
a f f e c t e d .  However,  when most  o f  t h e  f i b e r s  a r e  
f r a c t u r e d  and d i s b o n d e d ,  s u b s t a n t i a l  d e g r a d a t i o n  
o f  t h e  p l y  p r o p e r t i e s  can be e x p e c t e d .  
When a l l  t h e  f i b e r s  a r e  f r a c t u r e d  and d i s -  
T h i s  work has shown t h a t  f o r  s m a l l  amounts 
1 .  
2 .  
3. 
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TABLE I. - COMPOSITE MATERIAL 
PROPERTIES NO DISBONDING - 














Compos I t e  
p r o p e r t i e s  
sa.03x i o6  
7 .  19x106 
7 .  19x106 
3 . 3 6 ~ 1 0 ~  
2 .66x106 
3 . 3 6 ~ 1 0 ~  
0.291 
0.246 
1 . 1 1 x 10-6 
1 1 . 4 1 ~ 1 0 - ~  
1 1 . 4 1 ~ 1 0 - ~  




E l  1 
E22 
5 2  E33 
'2 3 
'1 3 




' 2  2 
l 33  -
P s i  
p s i  
PS 1 
PS 1 
p s i  
p s i  
i n  
i n  ' F  
i n  
I n  'F 





Room t e m e r a t u r e  






1 . l O x l O  
0 .  7 O x 1 O 6  





5. ~ O X I O - ~  
5. ~ O X ~ O - ~  
M a t r i x  
1 7 . 0 ~ 1 0 ~  
17 .0x106 
6 
1 7 . 0 ~ 1 0  
6 
6 . 5 4 ~ 1 0  
6 . 5 4 ~ 1 0 ~  







H i g h  t e m p e r a t u r e  
F i b e r  
9 3 . 8 ~ 1 0 ~  
0 . 9 0 4 ~ 1 0 ~  
6 









6 . 2 7 ~  
6 . 3 7 ~ 1 0 - ~  
Matrix 
8.a7xio6 
a .87x io6  
6 
8 . 8 7 ~ 1 0  
6 
3.41 x10 
3.41 x lo6 





1 9 . 5 5 ~ 1 0 - '  
1 9 . 5 5 ~  lo-' 
F i g u r e  1.  F i n i t e  e l e m e n t  model  - U n i t  ce l l  
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Figure 2. Representation of nine cell finite element mesh 
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Figure 3. Center fiber disbonding showing 2.78% disbonding 
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EFFECT OF FIBER DEBONDING ON 
MODULUS - Elll, E122, E133 
--------- I---------- Z I 
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Figure 4. Effects of center fiber disbonding at room temperature 
on moduli 
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PERCENT DISBOND 
Figure 5. Effects of center fiber disbanding at room temperature 
on Poisson's ratio 
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EFFECT OF FIBER DEBONDING ON 
SHEAR MODULUS - G121, G131, G123 
I I I I I I I I 1 I I I 






Figure 6. Effects of center fiber disbonding at room temperature 
on shear moduli 
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Figure 8. Effects of center fiber disbonding at high temperature 
on moduli 
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Figure 9. Effects of center fiber disbonding at high temperature 
on Poisson's ratio 
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Figure 10. Effects of center fiber disbonding at high temperature 
on shear moduli 
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Figure 11. Effects of cepter fiber disbondipg at high temperature 
on thermal expansion coefficients 
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Figure 13. Effects of nine fiber disbonding at room temperature 
on Poisson's ratio 
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Figure 14. Effects of nine fiber disbonding at room temperature 
on shear moduli 
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Figure 15. Effects of nine fiber disbonding at room temperature 
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Figure 16. Effects of nine fiber disbonding at high temperature 
on moduli 
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Figure 17. Effects of nine fiber disbonding at h igh  temperature 
on Poisson's ratio 
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Figure 18. Effects of nine fiber disbonding at high temperature 
on shear moduli 
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